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INK4a -pRB pathways (1, 2) . In cancer cells, the presence of oncogenic mutations, chemotherapeutic drugs, and oxidative stress can cause an acutely inducible, telomere-independent, stress-responsive form of cellular senescence, termed premature senescence (PS) (3, 4) . PS is considered a physiologic mechanism of DNA damage response occurring in chemotherapy (5) (6) (7) , and the senescence induction could be an effective in vivo mechanism to limit tumor progression by preventing cancer cell proliferation or by blocking the cells at risk of neoplastic transformation (8) . However, the physiological consequences of prematurelyinduced-senescent (PIS) cancer cells remain elusive. PIS cancer cells have been shown to promote the growth of neighboring cells, and they are intrinsically resistant to chemotherapeutic agents (5, 9, 10) . Importantly, cells in prematurely senescent tumors are capable of escaping growth arrest and re-entering the cell cycle, leading to tumor relapse (5, 9, 11) . As for the mechanism underlying escape from DNA damage-induced senescence, overexpression of the cyclindependent kinase Cdc2 has been found in clones that bypassed replicative arrest in human nonsmall cell H1299 carcinoma (5) and in MCF-7 breast cancer cells (9) . It was recently shown that survivin is the immediate downstream effector of Cdc2/Cdk1 and that phosphorylated survivin is necessary for the escape of senescent cells (12) . Moreover, Twist1, which is involved in the metastatic dissemination of cancer cells, was shown to override oncogene-induced senescence by abrogating cell cycle inhibition by p21 and p16 (11, 13) , leading to complete epithelialmesenchymal transition and implicating a direct link between escape from senescence and the acquisition of invasive features by cancer (11, 13) . These data collectively suggest that there exist mechanisms that foster survival of PIS cancer cells and promote escape of these cells from the senescent state, which are likely detrimental to the overall therapeutic efficacy of cancer treatment. Because the p53 gene is frequently inactivated in 50% of human cancers, including SCCs, this study investigated the regulatory mechanisms that control the survival of PIS SCC cells cells lacking functional p53.
Experimental Procedures
Cell culture-A431 human epidermoid squamous carcinoma cells were obtained from American Type Culture Collection (ATCC, Manassas, VA) and maintained in Dulbecco's modified Eagle medium (DMEM), supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin, and kept in an atmosphere of 95% air/5% CO 2 in a 37°C humidified incubator. Resveratrol (RES, trans-3, 4', 5-trihydroxystilbene, C 14 H 12 O 3 ) and sirtinol were purchased from LKT Laboratories Inc (St Paul, MN) and Calbiochem (La Jolla, CA), respectively. The copper (I) specific chelator (neocuproine), 2',7'-dichlorofluorescein diacetate (DCFDA), and 4-methylumbelliferyl--Dgalactopyranoside (MUG) were purchased from Sigma (St Louis, MO). The antibodies against caspase-3, Acetyl-NF-B p65/RelA (K310), Chk1, Chk2, SIRT1, ATM, ATR, mTOR, raptor, p70S6K, p-ATR(S428), p-ATM(S1981), H2AX, p-SIRT1(S47), p-Chk1(S428), p-Chk2(T68), pmTOR(S2448), and p-p70S6K(T389) came from Cell Signaling Technology (Danvers, MA), while p21 WAF1 , NF-B p65/RelA, PML, mtHSP70, HP1, Lamin B and -actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and SIRT1 from Upstate (Lake Placid, NY). siRNA transfection-The human siRNAs (Bfl-1/A1, mTOR, Raptor, and NF-кB subunits) were purchased from Santa Cruz Biotechnology. On the day before transfection, 5 X 10 5 A431 cells were plated in 100 mm petri plates and grown in 10 ml of DMEM supplemented with 10% fetal bovine serum. After 24 h in culture, 50 l of 10 M stock solution of siRNA duplexes were transfected into cells with a Lipofectamine TM RNAiMAX transfection reagent according to the manufacturer's protocol (Invitrogen, Carlsbad, CA). Following 24-36 h of incubation, the cells were treated with RES and maintained in culture for the indicated times before analysis.
Senescence-associated -galactosidase (SA-β-gal) staining and quantification-In situ staining of SA-β-gal was performed using a senescence -galactosidase staining kit (Cell Signaling Technology, Danvers, MA). SA--gal activities present in cell extracts were measured by the rate of conversion of 4-methylumbelliferyl--Dgalactopyranoside (MUG) to the fluorescent hydrolysis product 4-methylumbelliferone (4-MU) at pH 6.0, as described previously (14) . All experiments were performed in triplicate and the results are expressed as the mean ± SD of three independent experiments. Intracellular reactive oxygen species (ROS)-was measured as previously described using a cellpermeable fluorogenic dye, 2',7'-dichlorofluorescein diacetate (DCFDA), which detects hydrogen peroxide (15) . The results were obtained as arbitrary absorbance units/mg protein.
All experiments were performed in triplicate and the results are expressed as the mean ± SD of the three independent experiments. Cell proliferation assay-A431 cells were treated with RES and/or other reagents for 48 h, and the cell proliferation was measured using 5-bromo-2'-deoxyuridine (BrdU) cell proliferation assay kit (Roche Applied Science, Indianapolis, IN). Total RNA preparation and RT-PCR-Total RNA was prepared and RT-PCR performed as previously described (16 (18) . Statistical analyses-Statistical analyses were done using Student's t test (two-tailed): P < 0.05 is considered statistically significant.
RESULTS

RES induces PS in p53-deficient human SCC cells.
We have shown previously that A431 cells treated with RES accumulate in the G1 phase of the cell cycle (19). In this study, we show that A431 cells treated with RES at concentrations between 10 M and 50 M for 48 h became enlarged and flattened and showed increased activity of SA--Gal, a marker of senescence induction ( Fig. 1A; b-d) . On the other hand, most of the untreated control cells were SA--Gal negative ( Fig. 1A; a) . The SA--Gal activity increased in a dose-dependent manner (Fig. 1B) . The punctuated nuclear accumulations of HP1 and PML, and the pancytoplasmic distribution of mtHsp70, that are known to be associated with senescence, were evident in RES-treated A431 cells (Fig. 1C) . Senescence-associated features were also observed in other human SCC cells, such as SCC-13 ( Fig. 1A; f) . However, confluence-induced quiescent cells were not SA--Gal positive (data not shown).
RES mediates PS induction via ROS generation. RES is considered an antioxidant. However, RES is also capable of inducing intracellular ROS production (20) (21) (22) and has been shown to promote oxidative DNA degradation during the Cu(II) to Cu(I) transition in lymphocytes (23) . We tested whether RES produces ROS in A431 cells. RES treatment of A431 cells caused increases in intracellular ROS concentrations, which reached maximum levels at 4 h at 30 M (Fig. 1D ) and in a dose-dependent manner in response to RES treatments between 10 M and 100 M (responses to treatments between 10 M and 50 M are shown in Fig. 1E ). The SA--Gal activity also increased gradually over time in response to RES (30 M) treatment (Fig. 1F) . RES-mediated ROS generation and SA--Gal staining could be blocked by pre-treating cells with neocuproine, a membrane-permeable Cu(I)-specific chelator, prior to RES treatment (Fig. 1G ). In the absence of RES, neocuproine treatment alone did not produce significant effects on ROS generation or on cell morphology and SA--Gal staining (Fig.  1G ).
The dose-and time-dependent induction of p21 WAF1 , a cell cycle inhibitor associated with senescence, was detected in RES-treated A431 cells (Fig. 1E, H ). This p21 WAF1 induction was p53-independent, since A431 cells contain mutant p53. Furthermore, phosphorylated histone H2AX, ATM, and Chk2 (but not ATR or Chk1) accumulated in PIS A431 cells (Fig. 1E, H) . Neocuproine pretreatment abolished the RESinduced expression of p21 WAF1 , p-Chk2, and H2AX (Fig. 1G ). These results indicate that RESinduced PS is mediated through ROS that are likely generated via the RES-coupled redox cycling of Cu(II) to Cu(I), and that this redox reaction involves activation of a DNA damageresponse pathway.
Anti-apoptotic Bfl-1/A1 is important for the survival of PIS cells, and its induction is mediated
by p65/RelA and p52 NF- B. To gain insight into potential target genes regulated in RES-induced prematurely senescent A431 cells, a cDNA microarray was performed on A431 cells treated with 100 M RES for 48 h or 72 h. Analysis of the raw data, with filtering criteria of at least two-fold changes and ANOVA with p<0.0001, indicates upregulation of the cell cycle inhibitors p21 WAF1 and p27 KIP1 and downregulation of cyclins D1, D2, and CDK4/5. These results were validated using real-time PCR (Data not shown) and confirmed our previous findings (19). We also found that Bfl-1/A1, an anti-apoptotic Bcl-2 family gene, was dramatically upregulated in PIS A431 cells compared with control groups (Fig. S1 ). Expression of other Bcl2 family genes was not significantly altered in PIS A431 cells under these conditions, with the exception of BAD (Bcl2-antagonist of cell death) and BAK1 (Bcl2-antagonist/killer1), whose levels decreased slightly (Fig. S1 ). Bfl-1/A1 induction was detectable, slightly at 16 h and markedly at 24 h, following RES treatment, whereas pre-treatment of cells with neocuproine blocked this induction ( Fig. 2A) .
Bfl-1/A1 is a direct transcription target of NF-B (24, 25) . The NF-B family includes p50, p52, p65/RelA, RelB, and c-Rel, which form homomeric or heteromeric dimers with one another. The involvement of p65/RelA and p52 in RES-induced Bfl-1/A1 expression was demonstrated, in which siRNA constructs targeted to either p65/RelA or p52 (but not other subunits) blocked Bfl-1/A1 expression ( Fig. 2B ;The knockdown efficiency is shown in Fig. S2 ). The levels of active caspase-3 increased following knockdown of either Bfl-1/A1 or p65/RelA (Fig.  2C) . The knockdown of Bfl-1/A1 also attenuated BrdU incorporation (Fig. 2D) . These data support an anti-apoptotic role for Bfl-1/A1 and indicate that RES-mediated induction of Bfl-1/A1 plays an important role in the survival of PIS A431 cells.
The post-translational modification of SIRT1 regulates Bfl-1/A1 induction. A431 cells treated with various concentrations of sirtinol, a SIRT1 inhibitor, showed enhanced Bfl-1/A1 induction (Fig. 3A) , suggesting that SIRT1 may directly regulate Bfl-1/A1 expression. Interestingly, a highly conserved TOS (TOR signaling) motif (FDVEL) occurs in similar regions of the SIRT1 protein in various species (Fig. 3B, grey box) . The TOS motif allows the mTOR substrate to bind to mTOR through Raptor, and is present in S6K1 and 4EBP1 (26, 27) . Additionally, we identified a putative mTOR phosphorylation site at serine 47 of SIRT1, suggesting the possible posttranslational modification of SIRT1 by mTOR. As shown in Fig. 3C , S2448 phosphorylation of mTOR, which reflects mTOR activation, increased during induction of PS by RES. However, we were surprised by the finding that phosphorylation of p70S6K, a cytoplasmic substrate of mTOR, was significantly reduced, while levels of phosphorylated SIRT1 (at S47) increased (Fig.  3C ). This discrepancy in phosphorylation pattern prompted us to examine the subcellular distribution of mTOR in PIS A431 cells. We found that mTOR, p-mTOR, Raptor, and p-SIRT1 (S47) accumulated over time in cell nuclei following the onset of RES-induced PS, whereas both the total and phosphorylated forms of p70S6K were undetectable (Fig. 3D) . Because ser2448 is known to be a p70S6K site, our data suggest a yet-to-be-identified regulatory mechanism of mTOR in the nucleus. The SIRT1 protein is known to inhibit NF-B-dependent transcription by deacetylating p65/RelA at lysine 310 (K310) (28) . We observed an accumulation of acetyl-K310 p65/RelA in PIS A431 cells, and treating these cells with rapamycin, an mTOR inhibitor, abolished the acetylation of p65/RelA K310 and substantially reduced Bfl-1/A1 mRNA levels (Fig. 3E) . We also assessed the acetylation of p53 as a control. Although p53 is nonfunctional in the A431 cell line, acetylation of p53 K382 was detectable in PIS A431 cells, and was blocked in the presence of rapamycin (Fig. 3E ). These data suggest the importance of nuclear mTOR activity in the induction of Bfl-1/A1 expression in PIS A431 cells.
The mTOR/Raptor complex physically interacts with SIRT1 and TOS motif is important for S47 SIRT1 phosphorylation. Because of the presence of a putative TOS motif in SIRT1, we investigated whether SIRT1 physically interacts with Raptor during the induction of PS. Fig. 4A shows the time-dependent accumulation of the SIRT1/Raptor complex in total extracts prepared at different time points following RES treatment. This interaction between SIRT1 and mTOR/Raptor was markedly reduced in cells that were pre-treated with rapamycin (Fig. 4B, lane 3, upper panel) or by siRNA-mediated downregulation of either mTOR or Raptor (Fig. 4B, lanes 3 and 4, middle panel) . A substitution of the phenylalanine residue at aa474 in the TOS motif to alanine prevented S47 phosphorylation, as determined by in vitro mTORdependent kinase assay using recombinant MBPtagged wild-type SIRT1 and SIRT1 F474A proteins as the kinase substrate (Fig. 4C) . These data indicate that the presence of TOS in SIRT1 is required for S47 phosphorylation by the rapamycin-sensitive mTOR complex 1 (mTORC1) in response to RES. Futhermore, the SIRT1/Raptor complex formation and Bfl-1/A1 induction were blocked in the presence of ATM inhibitors (caffeine and wortmannin), confirming involvement of a DNA damage response (Fig. 4D) .
S47 phosphorylation directly affects SIRT1 deacetylase activity and the sensitivity of cells for apoptosis. We further tested the effect of mTOR on SIRT1 deacetylase activity. We used 2´-O-acetyl-ADP-ribose as a substrate in an assay to measure SIRT1 deacetylase activity. SIRT1 deacetylase activity was mostly detected in the nuclear fractions of proliferating A431 cells (Fig.  5A, lane 1 vs. lane 5) , while its activity decreased in RES-treated A431 cells (Fig. 5A, lane 6 ). Treating cells with rapamycin or siRNA-mediated knockdown of either mTOR or Raptor partially restored SIRT1 deacetylase activity in the presence of RES (Figs. 5A , 5B). We also observed that SIRT1 activity was inhibited when cells were treated with rapamycin alone (Fig. 5A , lane 5 vs. lane 8). Because the rapamycin-sensitive mTORC1 is known to interact with the translation initiation complex and regulate translation initiation and ribosome biogenesis (29) , the observed inhibitory effect of rapamycin on SIRT1 activity may be due to the inhibitory effects of rapamycin on SIRT1 translation. Although this requires further investigation, slight decreases in the levels of SIRT1 protein were observed in cells treated with rapamycin (Fig. 5C, CON (Fig. 5C ). The S47 phosphorylation observed in response to RES and in the presence of wild-type SIRT1 was undetectable in the presence of SIRT1 S47A or SIRT1
F474A
, and that this decrease in S47 phosphorylation correlated with decreased p65RelA acetylation (Fig. 5C) . Furthermore, the presence of SIRT1 S47A or SIRT1
, or the treatment of WT-SIRT1-expressing PIS A431 cells with rapamycin decreased the levels of Bfl-1/A1; meanwhile, we observed increases in the number of TUNEL-positive cells and the levels of cleaved caspase-3 (Fig. 5D ). These data indicate that S47 phosphorylation has a direct inhibitory effect on SIRT1 deacetylase activity leading to cell survival in PIS A431 cells.
Rapamycin sensitizes DNA damage-induced PIS SCC cells for apoptosis. To investigate whether other anti-cancer drugs exhibit a similar cell survival mechanism, we employed sublethal doses of the anti-cancer drug doxorubicin (DOX) to assess its effects on the induction of PS (Fig.  6A) . Gradual increases in the formation of the SIRT1/Raptor complex and SIRT1(S47) phosphorylation, along with increased Bfl-1/A1 expression, were detected in DOX-induced PIS A431 cells (Fig. 6B) . Rapamycin treatment of the RES-or DOX-induced PIS A431 cells resulted in dose-dependent increases in active caspase-3 levels and decreases in Bfl-1/A1 expression (Fig.  6C, D) . Rapamycin alone did not affect the viability of the proliferating A431 cells (Fig. 6D) . These data indicate that mTOR-mediated SIRT1 modification leading to the survival of PIS A431 cells is not exclusive to RES.
We then determined the in vivo effects of mTOR inhibition in p53 +/-/SKH-1 mice. These mice develop cutaneous SCCs in response to chronic UV irradiation at a much faster rate than the wild type littermates, and many of their tumors exhibit a highly invasive tumor phenotype (31) . In addition, tumors induced in this murine model carry one mutant and one deleted p53 allele. Thus, these animals provide an unique opportunity to investigate the p53-independent biological responses. For this study, one hundred p53 +/-/SKH-1 mice were irradiated with 180 mJ/cm 2 UVB twice per week for 25 weeks until the number of SCCs reached an average of ten per mouse. These tumor-bearing mice were then divided into four groups. Group-4 mice were treated with DOX (1mg/kg, i.p., 5 days/week) for 2 weeks to induce senescence, followed by rapamycin treatment (10 mg/kg, i.p., biweekly) for an additional 8 weeks. Mice in Groups 2 and 3 only received rapamycin or doxorubicin, respectively. Group-1 mice served as vehicle controls. The DOX treatment initially stabilized tumor growth; however, the tumor growth eventually resumed upon DOX withdrawal (Figs.  6E, 6F ). Rapamycin treatment alone did not have significant effects on the number of tumors (Fig.  6E ), but it decreased tumor size by 40% compared with untreated control mice (Fig. 6F) . Notably, rapamycin treatment of DOX-treated tumors further reduced both tumor numbers and sizes (Figs. 6E, 6F ). Consistent with our in vitro data (Fig. 6D) , at week 10, caspase-3 activation was detected only in tumors treated with DOX followed by rapamycin, but not in tumors treated with only DOX or rapamycin (Fig. 6G) .
DISCUSSION
Our observation that the survival of DNA damageinduced prematurely senescent A431 cells involves phosphorylation-dependent inhibition of SIRT1 deacetylase activity provides a novel regulatory loop of SIRT1 activity. Our results indicate that mTOR is a cellular regulator of SIRT1 activity in response to DNA damage. mTOR is predominantly a cytoplasmic protein; it primarily regulates proteins involved in translation. However, a small fraction of mTOR is detected in the nucleus under normal conditions, and mTOR shuttles between the cytoplasm and nucleus (32) . An intrinsic nuclear import signal has been identified in mTOR, and its cytoplasmic-nuclear shuttling appears to be important for its cytoplasmic regulation of S6K1 (33) . mTOR has been shown to accumulate in the nucleus following hypoxia. Moreover, PML was shown to physically interact with mTOR, favoring mTOR nuclear accumulation and resulting in reduced tumor angiogenesis (34, 35) . However, the signals and mechanisms controlling the nuclear translocation of mTOR, and its functional status in the nucleus, remain largely unknown. In particular, the role of nuclear mTOR in the context of PS has not previously been addressed. In PIS A431 cells, the nuclear accumulation of mTOR corresponded to a marked decrease in the phosphorylation levels of its cytoplasmic targets and was accompanied by the upregulation of a cell survival gene, Bfl-1/A1. These data suggest that mTOR has a yet-to-beidentified regulatory mechanism in the nucleus, in addition to playing a role in enhancing cytoplasmic signaling. The mechanisms underlying the nuclear translocation of mTOR, such as whether the process requires catalytic activity, are not known. In the presence of p53, genotoxic stress was suggested to inhibit mTOR via the p53 regulated genes Sestrin1 and Sestrin2 (36), thus providing a mechanistic link between genotoxic stress and mTOR. A direct role for mTOR signaling in DNA damage response in p53 mutant cancer cells is not clear. Our results indicate that DNA-damage-dependendent activation of mTOR is critically important for the survival of PIS A431 cells, in which mTOR complex physically interacts with SIRT1, likely via TOS motif. The importance of the TOS motif was further demonstrated as SIRT1-Raptor interaction was substantially reduced by the F474A mutation (Fig. S3) . However, because the knockdown of mTOR also abolished the interaction of SIRT1 and Raptor (Fig. 4B) , our data raise the possibility that the physical interaction between SIRT1 and mTOR/Raptor may not be entirely mediated via TOS motif. The exact mechanism(s) of SIRT1 interaction with mTORC1-and whether additional mechanism(s) exist-is not clear at the present time. Of interest, PRAS40, an mTORC1 subunit and substrate, also binds to Raptor via a TOS motif in PRAS40 (37, 38) . Binding of PRAS40 to Raptor inhibits mTORC1 signaling, as it blocks access of TOSmediated substrates (e.g., 4EBP1) to Raptor (39, 40) . A release of PRAS40 from the substrate binding site of Raptor is believed to allow substrate presentation to mTORC1 and subsequent phosphorylation (39) . Whereas mTOR knockdown has been shown to disrupt the mTOR-PRAS40 interaction, the total endogenous levels of PRAS40 were not affected (39) . It is tempting to speculate that, in the absence of mTOR, and therefore in the absence of mTOR-dependent phosphorylation of PRAS40, PRAS40 could remain bound to Raptor, thereby blocking SIRT1 access to Raptor, in which case the knockdown of mTOR would likely prevent SIRT1-Raptor interaction. Moreover, the incubation of mTORC1 with rapamycin leads to a complete disintegration of mTORC1, which has been shown to exist as an obligate dimer with a central cavity, and with Raptor, PRAS40, and mLSt8 bound to mTOR (38, 41) . This obligate dimeric structure may be necessary for performing multiple phosphorylations, as may be the case for PRAS40 (37) . In this scenario, destabilization of mTORC1 by rapamycin could block PRAS40 release from Raptor, which may explain the lack of SIRT1-Raptor interaction in cells treated with RES and rapamycin (Fig. 4B) The interaction between mTOR complex and SIRT1 appears to be a prerequisite for S47 phosphorylation. SIRT1 is a phosphoprotein (42) and several studies show the implication of the post-translational regulation of SIRT1 for its biological functions. SIRT1 phosphorylation by JNK2 at serine 27 was shown to increase SIRT1 protein stability, resulting in elevated SIRT1 protein levels in human cancer cells (43) . SIRT1 was also shown to be phosphorylated by cyclin B/Cdk1 at threonine 530 and serine 540 (32) and by the dual-specificity, tyrosine phosphorylationregulated kinase 1A (DYRK1A) and another prosurvival member of the DYRK family, DYRK3 at Thr522, leading to cell survival in HEK293T cells (44) . Unlike our data, that of Nasrin et al. report that phosphorylations of three residues (Ser27, Ser47, and Thr530) by JNK1 increase its enzymatic activity (45); however, their study did not determine the effect of S47 phosphorylation alone on its activity (45). It is interesting to note that multiple phosphorylations can lead to quite distinct phenotypes. These data implicate the complexicity of SIRT1 regulation, as its activity is not only distinctively regulated by various kinases, but may also be differentially regulated by various stimuli in a context-dependent manner.
The factors regulating the reversibility of PS remain to be defined, However, several in vitro studies have shown that senescent cells (p53-null lung cancer) can escape the senescent state and reenter the cell cycle (5, 9) . Similarly, cancer cells (p53-null) following oxidative stress are arrested in a senescence-like state, but they eventually reenter the cell cycle (46) . Our DOX-treated, growth-stabilized SCCs in p53 +/-/SKH-1 mice also resumed growth upon DOX withdrawal. Our study raises questions about the biological consequences of drug therapies that induce prematurely senescent, but viable, cancer cells. These cells could escape from senescence and ultimately contribute to tumor regrowth and recurrence. The therapeutic efficacy of these treatments is likely to depend on whether senescence is followed by cell death (47) . Our data provide the first functional link between mTOR and SIRT1 in response to genotoxic stress and reveal a p53-independent mechanism that controls the survival of PIS SCC cells. These results further suggest that inhibition of mTOR signaling could eliminate tumors containing senescent cells and block tumor recurrences. 
